I-iodinated cells. The amount of band 3 protein that was immunoprecipitated from extracts of young RBCs increased on preincubation with 0.2 mg/ml autologous IgG. This series of findings therefore strongly suggested that senescent RBCs are recognized by low-affinity anti-band 3 NAbs that bind to oligomerized/aggregated band 3 proteins that have lost their anchorage to the cytoskeleton.
Years later, once anti-band 3 NAbs had been isolated and characterized [16] , we studied their role in phagocytosis of oxidatively stressed human RBCs. Paolo Arese and his collaborators had developed an elegant assay using diamide as the oxidizing agent and measuring phagocytosis of opsonized [ 14 C]cyanate-labeled RBCs by adherent peripheral monocytes [17] . Opsonization of diamide-treated RBCs with up to 20 g/ml anti-band 3 NAbs in 80% serum, and resuspension in
Naturally Occurring Anti-Band 3 Antibodies Initiate Red Blood Cell Removal by Bivalent Binding to Oligomerized Band 3 Protein
It is now 30 years since I first described the findings from our ongoing research activities in a review article [1] (with an English summary), and stated that the signal that marks the clearance of senescent human red blood cells is probably not desialylation of glycophorins. Instead, this signal is generated by a cell-age-dependent oligomerization of an integral membrane protein with an apparent molecular mass of 100 kDa, a process that facilitates bivalent binding of a low-affinity naturally occurring IgG antibody (NAb) directed to this protein. Each of these claims was supported by experimental evidence. For example, the removal of senescent red blood cells (RBCs) is most likely not triggered by a loss of 10-15% of sialic acid from ageing RBCs (desialylation) because both dense and light RBC fractions have roughly the same electrophoretic mobility [2] , and RBCs lose less than 3% of sialic acids along with glycophorins from the membrane while they age [3] . Based on convincing data from Kay [4] , showing that autologous IgG plays a role in the selective clearance of senescent RBCs, we searched for naturally occurring IgG antibodies (NAbs) directed against RBC proteins. Autologous IgG binds to several membrane proteins but most strongly to both spectrin polypeptides and band 3 protein on immunoblots from young and old RBCs [5] . IgG binding to band 3 on blots of young and old RBCs is of similar intensity. This finding makes it unlikely that a cell-age-specific antigen is exposed by a proteolytic modification, as suggested by Kay [6] . Instead, topological changes like oligomerization/aggregation of band 3 protein may provide the prerequisite for bivalent binding of anti-band 3 NAbs. This possibility was investigated by comparing the binding of autologous IgG to spectrin-free vesicles with that to intact RBCs. Spectrin-free vesicles bud off spontaneously from ATP-depleted RBCs. They lack the cytoskeleton, but retain the full complement of integral membrane components [7] . Spectrin-free vesicles bind 14 times more autologous IgG than ATP-containing RBCs and 4 times more than the ATP-depleted RBCs from which they budded off [8] .
Thus, oligomerization/aggregation of band 3 protein is enhanced in vesicles lacking cytoskeletal anchorage. Although experimentally convincing, these data could not be put into perspective with what was known about the topology of band 3 protein in RBC membranes. Rotational mobility measurements [9] and cross-linking with an impermeable, bifunctional cross-linker [10] suggested that band 3 protein exists as dimers. Since the cross-linking studies were performed for 30 min at room temperature, it was possible that cross-links occurred between mobile molecules. We therefore reinvestigated membrane glycoprotein topology in intact human RBCs on treatment with a highly reactive, impermeable cross-linker, disuccinimidyl 3,3'-dithiobispropionate (DTSP) at 0-4 °C for 8 min [11] . Using DTSP as a crosslinker, we studied membrane pro- [22] initially purified IgG from serum that was treated for 30 min at 56 °C to deplete of complement proteins and originated from donors with blood group AB (Rhesus antigens not indicated). In later papers, IgG purification apparently followed standard procedures, but the source of IgG remained poorly defined [20, 23] . Thus, it is possible that the starting material used by Beppu's group originated from apparently healthy people who had induced IgG antibodies that also bound to the carbohydrate of band 3 protein. This is very likely since: i) Ando et al. [23] could not only purify IgG anti-band 3, but also IgG anti-lactoferrin antibodies from the IgG preparation of the donors they used; and ii) both lactoferrin and the carbohydrate portion of the 38-kDa chymotryptic fragment of band 3 protein contain sialylated N-acetyllactosaminyl sugar chains [23, 24] .
In support of this assertion, IgG anti-lactoferrin antibodies are normally not detected in healthy controls, but are found in a substantial, but varying, number of patients with anti-neutrophil cytoplasmic antibodies (ANCA) [25] , ulcerative colitis [26] , primary sclerosing cholangitis [27] , systemic vascultis [28] , rheumatoid arthritis [25, 28, 29] or systemic lupus erythematosus (SLE) [30, 31] . Thus, in the experiments of Beppu and colleagues [23] immobilized band 3 protein captured not only anti-band 3 NAbs from their IgG preparation, but also IgG anti-lactoferrin antibodies. In fact, 70% of this group's 'anti-band 3 NAbs' bound to the carbohydrate portion of lactoferrin and 30% to a polypeptide of band 3 protein (presumably the 55-kDa fragment). Thus, it was wrong to name this eluate 'anti-band 3 NAbs'.
However, the fact that the 'anti-band 3 NAbs' of Beppu and colleagues contain IgG anti-lactoferrin antibodies gives these data an unexpected relevance. When this mixture of NAbs and induced IgG antibodies is present with ageing RBCs, the 2 types of IgG together may accelerate clearance of senescent RBCs or may result in premature clearance of aging RBCs. The reason is that not only do the band 3 protein oligomers bind anti-band 3 NAbs, but groups of band 3 protein carrying the anti-band 3 NAbs can further be clustered by IgG antilactoferrin antibodies that bind to a different region of band 3 protein. Such complexation will most likely induce additional complement deposition and increased phagocytosis. Until now, this phenomenon has not been recognized or investigated, although there are a number of findings supporting this explanation. For example, disease activity was increased among SLE 80% serum during phagocytosis stimulated phagocytosis 4-to 5-fold [18] . Anti-spectrin NAbs had no effect. Increasing concentrations of diamide generated S-S-linked polypeptides that were highly enriched in S-S-bonded band 3 protein, reactive with anti-band 3 NAbs. Effective phagocytosis required active complement, and the amount of bound C3b exceeded that of bound anti-band 3 NAbs by 2 orders of magnitude, implying participation of the alternative complement pathway. The requirement of complement was later verified in experiments in vivo in guinea pigs. 20 g/ml human anti-band 3 NAb accelerated in vivo clearance of diamide-treated guinea pig RBCs in normal, but not in C3-deficient animals [19] .
These data provided direct proof of the initially hypothesized mechanism. This suggested mechanism has survived the test of time. It has triggered many follow up studies that have yielded in vivo evidence for the mechanism and clarified it in more detail (outlined below). However, opposing views on the fine specificity of anti-band 3 NAbs have hampered a swift advance for many years. In fact, the task of writing this review has revived my interest in clarifying this issue from a distance and with the help of dozens of papers that have appeared since then on seemingly remote aspects.
Role of Naturally Occurring IgG Anti-Band 3 Antibodies and Disease-Induced IgG Antibodies to Lactoferrin
We have purified IgG anti-band 3 NAbs 8 times from IgG of healthy blood donors (blood group O Rh + ) on autologous band 3 protein and often from several lots of pooled human IgG for intravenous use (Sandoglobulin) on immobilized band 3 protein from healthy blood donors (O Rh + ) [16] . The specificity of purified anti-band 3 NAbs was always the same whether studied by labeled second antibody or by directly 125 Ilabeled anti-band 3 NAbs. Anti-band 3 NAbs bound strongly to band 3 protein and weakly to bands 4.2, 5, and 6. Binding to these cytoplasmic proteins was fully suppressed on blots by adding equal concentrations of unlabeled IgG absorbed on band 3 protein or by adding whole, unlabeled IgG up to physiological concentrations. Using a chymotrypsin treatment of intact RBCs it was possible to differentiate between antigenic and non-antigenic peptides of band 3 protein. Anti-band 3 NAbs bind exclusively to the 55-kDa transmembrane fragment (earlier named 62-or 65-kDa fragment), but not to the 38-kDa carbohydrate-containing fragment of band 3 [16] . Eight years after appearance of our paper, the group of Beppu [20] reported that anti-band 3 NAbs, as purified by this group, bound to sialylated N-acetyl-lactosaminyl carbohydrate groups, localized in the 38-kDa fragment of band 3 protein. Since we did not observe any anti-band 3 binding to the 38-kDa fragment of band 3 protein in our first study, we reinvestigated binding of anti-band 3 NAbs to band 3 protein [21] . Anti-band 3 NAbs purified from IgG of pooled plasma from healthy humans (Sandoglobulin) again bound to the 55-kDa, RBCs results in hemichrome generation and its binding to the cytoplasmic portion of band 3 protein, which induces band 3 protein clustering in healthy subjects [42, 43] , in anemia [42, 44] , in malaria [45] , and in dogs [40] . Schlüter and Drenckhahn [46] 
However, for years it remained unclear how these band 3 oligomers and clusters are induced, because band 3 protein exists primarily as dimers and anchored tetramers in the membrane [48] . While the dimers are held together by helix/ helix interactions within the cytoplasmic phase, the tetramers are formed from 2 dimers stabilized by interactions with cytoskeletal proteins [49] . The only region to which anti-band 3 NAbs bind is located within the 55-kDa transmembrane portion of band 3. A bivalent binding of IgG anti-band 3 NAbs to both band 3 proteins of a dimer does not occur (see first section) because it is sterically impossible. Thus, docking of 2 band 3 dimers provides the prerequisite for bivalent binding of anti-bands 3 NAbs. Even if anti-band 3 NAbs had a high affinity and could recruit binding partners upon monovalent binding, band 3 protein has first to become mobile within the plane of the membrane.
Upon oxidative damage by diamide and pervanadate as well as in ageing RBCs, band 3 tetramers are liberated from the cytoskeleton by a p72 syk -dependent tyrosine phosphorylation of the N-terminal portion of band 3 [49] [50] [51] . This syk-dependent phosphorylation follows inhibition of phosphatases and syk kinase translocation to the membrane [50] , phenomena which are differently induced by the various types of agents that can induce oxidative damage [52] . Tyrosine phosphorylation of band 3 protein lowers the affinity of ankyrin for band 3 [49, 53] , and increases both its lateral mobility and the probability to be cross-linked by a non-penetrating bivalent cross-linker [53] . These biochemical changes primarily allow the formation of quasi linear oligomers from preexisting band 3 dimers and tetramers, where 1 anti-band 3 NAb may cross-link the 2 dimers within a tetramer, with each of the 2 remaining band 3 protein of a tetramer becoming connected to separate dimers or tetramers [54] . Clusters of band 3 protein are not readily generated by this process. The following conditions favor clustering: i) the presence of anti-lactoferrin antibodies, as is the case in patients with ANCA-type autoantibodies (as outlined); and ii) the absence of poly-N-acetyllactosaminyl groups on the 38-kDa portion of band 3 (as is the case in RBCs of CDA II (congenital dyserythropoietic anemia type II) patients [55] ) favors band 3 clustering, opsonization and phagocytosis [56] . The poly-N-acetyllactosaminyl patients with medium to high levels of IgG anti-lactoferrin antibodies [31] and 6 SLE patients who had IgG anti-lactoferrin but no other ANCA type antibody presented with hematological disorders (anemia) [32] . In 1 report, findings in pregnant women with iron-deficiency anemia treated for 30 days with bovine lactoferrin (30% iron saturated) were compared with those from anemic women treated with ferrous sulfate or nothing. The 60 patients treated with lactoferrin showed a significant increase in RBC numbers and hemoglobin concentrations, while those treated with ferrous iron alone had only slightly higher hemoglobin [33] . Thus, the curing effect of lactoferrin was probably not mediated by an improved bioavailability of iron, but by lactoferrin interfering with RBC clearance, as suggested by in vivo clearance experiments on rats in which lactoferrin inhibited phagocytosis of IgG-coated RBCs [34] . However, lactoferrin had no effect on the hematological parameters of healthy term infants younger than 6 months [35] , presumably because their immune system is in early development and induced IgG anti-lactoferrin antibodies are definitely absent. The simplest explanation of all these findings is that the applied lactoferrin complexed the recipients' IgG anti-lactoferrin antibodies, whereby opsonization of aging RBCs by anti-lactoferrin antibodies was diminished, excessive clearance stopped, and so anemia reduced. It has not as yet been demonstrated whether the enhanced opsonization and RBC clearance was indeed due to N-glycan-specific anti-lactoferrin antibodies. For this, the IgG anti-lactoferrin antibodies in anemic patients, above all in patients with ANCA type of autoantibodies, need to be determined. Such assays would have to focus on the Nglycan specificity of anti-lactoferrin and need to be isotype specific because healthy people have a low titer of naturally occurring IgM anti-lactoferrin antibodies, which are directed to cryptic regions of lactoferrin that are exposed, e.g. on sperm heads during their interaction with oocytes [36] . If measurable titers of IgG anti-lactoferrin are found against N-glycans, clinicians should consider treating these patients with lactoferrin. Human or bovine lactoferrin can be applied per os, because a substantial portion of lactoferrin (64% of apo-lactoferrin; 79% of ironsaturated lactoferrin) escapes digestion and penetrates into other compartments [37] .
Band 3 Clustering: Oxidative Damage and Biochemical Help for Efficient Binding of Anti-Band 3 NAbs
Despite the so-called 'uncertainty of whether anti-band 3 NAbs bind only to the 55-kDa fragment, or to 55-KDa and the carbohydrate-containing 38-kDa fragment', many groups have since confirmed that band 3 protein oligomerization is a prerequisite for IgG NAb binding, and have eluted and characterized these NAbs from in vivo-aged RBCs [22, [38] [39] [40] [41] . complexes was the ' 2 -heavy chain from C3b 2 -IgG, which released 2 C3 chains and 1 IgG heavy chain and a minor spot, previously thought to represent C3b-IgG, which instead contained '-' from dimeric C3b with an apparent molecular weight comparable to that of a C3b-IgG complex.
Other Mechanisms Suggested to Promote a Selective Clearance of Aged Erythrocytes
For many years it appeared as if exposure of phosphatidylserine (PS) on the outer leaflet of the membrane triggered a selective removal of senescent RBCs [68] [69] [70] . However, on determining PS exposure using the selective binding of annexin V [71] carrying a red fluorescent tag [72] , rather than by measuring the exchange of labeled lipids [69] , it became clear that PS exposure was by no means a phenomenon operating primarily on old RBCs. Experimental proof that PS is preferentially exposed on young rather than senescent RBCs has been provided by Khandelwal and Saxena [72] by quantifying binding of red-fluorescent annexin V to young, middle-aged and old RBCs that were biotinylated in vivo. Earlier measurements with green-fluorescent annexin V [70] gave higher readings for old RBCs because old RBCs have a significantly higher green autofluorescence than young ones [73] . PS exposure can be initiated by a variety of stimuli and requires activation of several enzymatic and transport processes that operate best in young RBCs. One of the first steps requires the entry of Ca 2+ ions into the cell, which opens the Ca 2+ -dependent K + channel and results in extrusion of both potassium and chloride ions followed by water [74] . The induced shrinkage of the cell stimulates scramblase activity, a specific phospholipid exchanger that exposes PS on the outer layer of the membrane. The entire process resembles that of apoptosis of nucleated cells. Lang and collaborators have therefore coined the term 'eryptosis' [74] . Ultimately, eryptotic RBCs are recognized by PS-specific receptors (TIM-4) on macrophages [75] . Eryptosis contributes to an accelerated clearance of RBCs in a number of diseases [76] , but is clearly not the route by which senescent RBCs are recognized. Neocytolysis, an extreme form of PS exposure on young RBCs is induced by a 4-fold decrease in erythropoietin as experienced by acclimatized high-altitude climbers when descending to sea level [77] .
Anti-gal directed against Gal 1-3Gal 1-4GlcNAc-R was suggested to represent an IgG NAb that selectively binds to a cryptic carbohydrate on senescent human RBCs (for a review see [78] ). This IgG antibody exists at a concentration of 100 g/ml in human plasma. Anti-gal IgG may not represent NAbs, but pathogen-induced IgG antibodies. Antibody eluates from senescent RBCs contained comparable numbers of IgG antiband 3 and IgG anti-gal, although the anti-band 3 concentration in serum is more than 100 times smaller than that of antigal [79] . Considering the huge concentration difference, bound anti-gal may be an artifact due to insufficient washing. groups sterically interfere with band 3 aggregate formation to the point that band 3 aggregates on ageing RBCs from healthy controls are generated primarily from band 3 proteins that lack poly-N-acetyllactosaminyl groups [50] . It appears that clustering is not only enhanced by bound hemichromes, but also by band 3-bound Syk kinase that catalyzes the phosphorylation of the N-terminal cytoplasmic tyrosine residues [50] .
A Unique Mechanism by Which Anti-Band 3 NAbs Stimulate Complement Amplification
Puzzled by the fact that old RBCs carry only 100-200 IgG molecules [4, 57] or only 60 to 120 molecules of protein A more than young cells [58] , which are capable of inducing their selective clearance, we also looked for RBC-bound complement component C3 and noticed covalently linked highmolecular-weight complexes that were positive for anti-band 3 and C3 [59, 60] . This prompted us to investigate why activated C3 formed covalent complexes primarily with the rare anti-band 3 NAbs. On the basis of what was known on complement amplification at that time, we discussed how such a complex may help to stimulate complement C3b deposition (for a review see [61] ). Anti-band 3 NAbs have an affinity for C3, which resides in the Fab portion independent of the binding site for band 3 because C3 cannot inhibit binding to band 3 protein [62] . This affinity for C3 is a prerequisite for these NAbs to preferentially form C3b 2 -IgG complexes [63] . IgG anti-spectrin NAbs lack this affinity and do not form C3b 2 -IgG complexes under the same conditions. In analogy to the first description of such complexes by Gadd and Reid [64] , we continued to use the term 'C3b-IgG complexes', implying complexes containing either 1 or 2 C3b molecules [63] , although our data showed that C3b 2 -IgG complexes represented the dominant ones. Later, we generated C3b 2 -IgG complexes from whole IgG and C3 by activation with trypsin. The purified complexes did not contain C3b-IgG complexes [65] . The dimeric C3b within such a C3b 2 -IgG complex is not only far more stable than surface-bound C3b, it also has a unique effect on the assembly of an alternative C3 convertase. Unlike surface-bound C3b, the dimeric C3b in C3b 2 -IgG complexes first binds properdin, which greatly stimulates factor B binding [65] . C3 activation by an alternative complement pathway C3 convertase assembled on C3b 2 -IgG complexes is 1-2 orders of magnitude greater than on C3b. This enhancement effect is highest at low inputs of C3b 2 -IgG complexes [65] (reviewed in [66] ). Finally, we addressed the question whether C3b-IgG complexes represent a mixture of complexes with 1 or 2 C3b molecules. Detailed analyses by 2-dimensional SDS-PAGE, using reduced complexes in the first dimension and a hydroxylamine treatment between the dimensions to cleave ester bonds, were performed on complexes generated from either labeled C3, labeled IgG or labeled complexes [67] . The major component among these Lutz mia results in a lethal disease [81] . In contrast to this, CD47 does not operate as a marker of self in humans because, although humans lacking Rh or D antigens on their RBCs have 4 to 5 times fewer CD47, their RBCs are not phagocytosed more than RBCs with normal amounts of CD47 [82] . Likewise, CD47 was almost absent (1%) in a patient with spherocytosis due to the lack of band 4.2 [83] . Furthermore, low copy numbers of SIRP on human phagocytes explain their inefficiency in clearing RBCs with reduced CD47 [84] .
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Additional means to differentiate between self and nonself have been described by Oldenborg and collaborators [80] , who discovered that the integrin-associated protein, also called CD47, functions as a marker of self on murine RBCs. These authors showed that normally opsonized RBCs were rapidly cleared by macrophages when the RBCs lacked CD47, but remained in circulation when they carried CD47. Thus, sufficient numbers of CD47 per RBC prevented RBC elimination. RBC-bound CD47 molecules exert this effect by interacting with the signal regulatory protein alpha (SIRP ) on macrophages. CD47 binding induces clustering of SIRP , which triggers phosphorylation of its tail and this process recruits phosphatases (SHP-1) that prevent phagocytosis of the bound target. Indeed, a complete CD47 deficiency in mice with a spontaneously developing autoimmune hemolytic ane-
